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it has been indicated that wave state has substantial
impact on sea spray generation function (SSGF) and
sea spray heat flux (Chaen, 1973;Iida et al., 1992;
Piazzola et al., 2002; Zhao et al., 2006).
In addition, under high winds, dissipative heating
can also have important effects on wind-wave coupled
system. Previous studies (Bister and Emanuel, 1998;
Zhang and Altshuler, 1999; Businger and Businger,
2001) have shown that taking into account dissipative
heating increases tropical cyclone intensity by 10-20%
as measured by the maximum surface wind. Thus,
dissipative heating should also be included in the
coupled atmosphere-wave model, particularly when
concerning typhoon or hurricane systems.
Based on the parameterizations of air-sea
momentum and heat fluxes including the effects of wave
state and sea spray, the objective of the present study is
to establish a coupled atmosphere-wave modeling
system by using the Weather Research and Forecasting
(WRF) model and the WAVEWATCH III (WW3) model.
Several experiments are performed to simulate an
idealized typhoon to investigate the impacts of seastate-dependent roughness, dissipative heating and sea
spray heat flux on typhoon systems.

1. INTRODUCTION
Air-sea momentum, heat and moisture fluxes are
key processes in air-sea interaction, thus accurate
calculation of these fluxes are essential to coupled airsea modeling system. As a ubiquitous phenomenon at
the sea surface, the existence of ocean surface waves
modifies the boundary layer in both sides of the air and
water interface, which in turn influence air-sea fluxes.
Since early 90’s, due to improved understanding of
wave state effect on air-sea fluxes and the progress in
high performance computing (HPC), extensive coupled
atmosphere-wave studies have been conducted to
investigate the impact of air-sea interactions on largescale circulation (Weber et al., 1993; Janssen, 1994;
Janssen and Viterbo, 1996; Weisse et al., 2000; Perrie
and Zhang, 2001; Weisse and Schneggenburger, 2002),
extratropical cyclones (Doyle, 1995; Lionello et al.,
1998; Power and Stolinga, 2000; Desjardins et al.,
2000; Lalbeharry et al., 2000) and tropical cyclones
(Bao et al., 2000; Tenerelli et al., 2001; Doyle, 2002).
Most previous studies utilized the wave-induced stress
of Janssen (1989, 1991) or wave-age-dependent sea
surface roughness (Smith et al., 1992; Donelan, 1993),
in which younger waves correspond to rougher sea
surface roughness, to parameterize air-sea momentum
flux. However, based on recent field and laboratory
observations, the SCOR workgroup 101 (Jones and
Toba 2001) presented the SCOR relationship, showing
that the nondimensional sea surface roughness first
increases then decreases with the increasing wave age.
Under high wind conditions, recent field and laboratory
observations (Alamaro, 2001; Alamaro et al., 2002;
Powell et al., 2003; Donelan et al., 2004) show that the
drag coefficient does not increase, but decreases with
the increasing wind because of sea foams and sea
sprays.
The existence of sea sprays also has significant
impacts on air-sea heat and moisture fluxes (e.g.
Andreas, 1995). Many researchers investigated the
effect of sea spray on air-sea interaction and
atmospheric systems through including sea spray heat
fluxes into atmospheric model or coupled air-sea system
(Fairall et al., 1994; Kepert et al., 1999; Bao et al., 2000;
Wang et al., 2001; Andreas and Emanuel, 2001; Li,
2004; Perrie et al., 2004; Zhang et al., 2006). However,
these studies did not consider the effect of wave state
on sea spray generation and sea spray heat flux, though

2. THE COUPLED ATMOSPHERE-WAVE MODEL
The coupled atmosphere-wave modeling system
consists of the WRF model and WW3 model. WRF V2.2
with the ARW dynamic core is used in this study. By
incorporating the effects of wave state, sea spray and
dissipative heating in wind-wave interactions, the WRF
model is coupled to the WW3 model. Figure 1 illustrates
the coupled atmosphere-wave modeling system, where
the arrows demonstrate the directions of variable
transfer between the model components. Details of the
parameterization of the air-sea momentum and heat
fluxes, the estimation of sea spray heat flux, as well as
the dissipative heating are given in the following
subsections.
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Figure 1. Schematic illustration of the coupled atmospherewave modeling system.
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significant effects ( ω < 1 ), causing the reduction of the
sea surface roughness and the drag coefficient. In this
study, equation (2) is used to parameterize air-sea
momentum flux in the coupled atmosphere-wave
system in which both wave state and sea spray effects
are included. In addition, the roughness under smooth
surface due to molecular viscosity zs = 0.11ν / u* , where
ν is the kinematic molecular viscosity of air, is added to
the sea surface roughness (Smith, 1988).
As for the sea surface heat and moisture fluxes,
many field observations show that the air-sea exchange
coefficients for sensible heat and water vapor are
independent of wind speed, corresponding to the scalar
roughnesses ( zT and zq ) decrease with the increasing

2.1 The wave state and sea spray affected sea
surface roughness
In atmospheric models, air-sea momentum flux is
usually estimated through the Charnock relation
(Charnock, 1955)
gz0 / u*2 = α ,
(1)
where g is gravity, z0 is the sea surface aerodynamic
roughness, u* is the friction velocity, and α is the
Charnock constant which can also be thought of as the
nondimensional roughness. In WRF the Charnock
constant was chosen as 0.0185 following Wu (1980),
which was widely used in other atmospheric and wave
models. However, it has been gradually recognized that
wave state has important influences on sea surface
wind stress (Toba et al., 1990; Donelan et al., 1990;
Johnson et al., 1998; Drennan et al., 2003), although
there is a debate regarding in which way the wave state
would influence the wind stress. Recently, the SCOR
workgroup 101 (Jones and Toba 2001) presented the
SCOR relation between the Charnock parameter and
wave age, showing that the Charnock parameter first
increases and then decreases with the increasing wave
age, which, to some extent, can explain the existing field
and laboratory observations. Since the SCOR relation is
determined from observations mainly under wind speed
less than 25 m s-1, it is not suitable for applications
under high wind conditions when sea foam and sea
spray could have significant effects which led to a
reduction of the drag coefficient and leveling off of
surface wind stress (Alamaro, 2001; Alamaro et al.,
2002; Powell et al., 2003; Donelan et al., 2004). Based
on the solution of the TKE balance equation for the
airflow in the regime of limited saturation by suspended
sea spray droplets and field measurements of Powell et
al. (2003), Makin (2005) derived a resistance law of the
sea surface at hurricane winds, which can explain the
reduction of the drag coefficient under high winds as a
result of sea spray effects. However, this resistance law
does not take into account the wave state effect.
In order to consider both wave state and sea spray
effects on sea surface wind stress, by combining the
SCOR relation and the resistance law of Makin (2005),
Liu (2007) obtained a parameterization of sea surface
aerodynamic roughness applicable to both low-tomoderate and high winds as:
1/ ω
3/ 2 1−1/ ω
⎧
⎡⎣0.03β* exp ( −0.14 β* ) ⎤⎦ , β* < 35
⎪(0.085β* )
α =⎨
, (2)
1/ ω
β* ≥ 35
⎪⎩17.601−1/ ω ( 0.008) ,
where β* = c p / u* is wave age, and ω = min (1, acr κ u* )

wind speed. In the present study, the parameterization
of sea surface scalar roughnesses from COARE
algorithm V3.1 (Fairall et al., 2003):
zT = zq = min (1.1 × 10−4 , 5.5 × 10−5 Re*−0.6 )
(3)
where Re* = z0 u* /ν is the Reynolds number of sea
surface aerodynamic roughness, is used to estimate the
direct air-sea sensible and latent heat fluxes.
Since we are concerned about typhoon or hurricane
system with extremely high wind and waves, other
factors such as dissipative heating and sea sprays
would also have significant impacts on air-sea heat and
moisture fluxes.
2.2 The dissipative heating
The frictional dissipation of atmospheric kinetic
energy finally occurs at molecular scales, which in turn
is converted into thermal energy. Following Zhang and
Altshuler (1999) the dissipative heating in the lowest
level of the atmospheric model is expressed as
V u2
dT
(4)
= a * ,
dt Dis C p z1
where C p is the air specific heat at constant pressure,
z1 is the height of model surface layer, and Va is the
wind speed at the model lowest semi-sigma layer. From
equation (4) one can see that the dissipative heating is
approximately proportional to the cubic power of surface
wind speed. Thus under high winds, especially typhoon
or hurricane conditions, dissipative heating increases
rapidly with wind speed, which in turn will strengthen the
typhoon or hurricane system. In the present coupled
atmosphere-wave model, as we only consider the
dissipative heating in the atmospheric surface layer
(Bister and Emanuel, 1998; Zhang and Altshuler, 1999),
it is equivalent to considering an upward sensible heat
flux H E = ρ C pVa u*2 at the bottom of the surface layer.

is correction parameter indicating the influence of sea
spray on the logarithmic wind profile with κ the Karman
constant, and the critical value of terminal fall velocity of
-1
the droplets acr =0.64 m s (Makin, 2005). From
equation (2) one can see that, under low-to-moderate
winds when the sea spray effects can be neglected
( ω = 1 ) this parameterization is reduced into the SCOR
relation; whereas, under high winds sea sprays have

2.3 The wave state affected sea spray heat flux
Another important issue related to surface heat flux
under high winds is the sea spray heat flux. In terms of
the generation mechanism, there are mainly two kinds
of spray droplets. One is bubble-derived droplets
including film droplet and jet droplet produced by the
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H S ,T = H S + β QS − αγ QL

breaking of air bubbles when arising to sea surface
within whitecaps. The radii of bubble-derived film and jet
droplets are typically less than 5 and 20 μm,
respectively. Another is spume droplet generated by
wind tearing breaking wave crests, with its minimum
radius generally about 20 μm (Andreas, 2002). To
estimate the sea spray heat flux, one need to know the
sea spray generation function (SSGF) dF / dr0 , which

H L ,T = H L + α Q L

latent heat fluxes without sea spray effect; and α , β ,
and γ are non-negative feedback coefficients indicating
how the nominal sea spray heat fluxes contribute to the
total sensible and latent heat fluxes. Thus, the net sea
spray contribution to the total sensible and latent heat
fluxes are
QS , sp = β QS − αγ QL
,
(9)
QL , sp = α QL
which are called sea spray sensible and latent heat
fluxes hereinafter. In this study, α and γ are
determined following Bao et al. (2000), while β is taken
as 1 (Andreas, 1992).
By using the new proposed SSGF and Andreas
(1992)’s algorithm, and considering the feedback effects
equation (8), we can now estimate the sea spray
sensible and latent heat fluxes that include wave state
effect. This method is used in the coupled atmospherewave modeling system to investigate the impacts of sea
spray heat flux on typhoon systems.

where RB = u*2 /νω p is the windsea Reynolds number
with ω p the peak angular frequency of wave spectrum.
Following Piazzola et al. (2002), substituting (5) into
Monahan et al. (1986)’s SSGF, and using the relations
between SSGF for different reference droplet radius
(Andreas, 1992), we can obtain a windsea Reynolds
number dependent SSGF:
dF
1.19 exp ( − B02 )
= 0.506 RB1.09 r0−2.95 (1 + 0.029 r01.02 ) × 10
dr0
. (6)

3. THE IDEALIZED TYPHOON AND EXPERIMENT
DESIGN
The idealized typhoon case set up in this study is
based on the intensifying period, from 0000 UTC 31
August to 0000 UTC 3 September, of Typhoon Nabi
over the North-Western Pacific Ocean in 2005. The
model domain is centered at ( 142 D E , 18 D N ) with
Lambert-conformal projection and 18 km grid spacing.
The whole model area is assumed to be over ocean
with 1000 m water depth. Sea surface temperature is
set to 30 ℃ and kept constant during the model
integration. The coupled system exchanges information
between WRF and WW3 every 15 minutes. And the
coupled system integrates 72 h forward from 0000 UTC
31 August, with the modeling results output at 3 h
interval.
The WRF model contains 191×155 horizontal grid
points, and 30 full-sigma layers in vertical direction, and
the time step is 60 s. WSM5 microphysics scheme
(Hong et al., 2004), Kain-Fritsch cumulus scheme (Kain
and Fritsch, 1990, 1993), YSU PBL scheme, and
Dudhia short wave (Dudhia, 1989) and RRTM long
wave (Mlawer et al., 1997) radiation scheme are chosen
in this case. The lateral conditions come from NCEP
GFS 1D × 1D reanalysis data. And the atmospheric model
is initialized by a 12 h uncoupled WRF simulation (from
1200 UTC 30 August to 0000 UTC 31 August) with
bogus vortex implanted at 1200 UTC 30 August based
on the typhoon intensity and location data from JTWC.
The WW3 wave model resolves 32 frequencies
logarithmically spaced from 0.041 to 0.790 Hz and 24
direction bands of 15 degrees each. The model grid
points correspond to the mass grid points of the WRF
model, and the time step is 15 minutes. Also the initial
field is provided by the uncoupled 12 h WW3 simulation

B0 = ( 0.666 − 0.976log r0 ) 0.650

As the windsea Reynolds number can also be
expressed as RB = ( gν ) −1 u*3 β* , it can be thought of as a
parameter simultaneously considering wind and wave
state effects. From equation (6), we can see that with
larger windsea Reynolds number associated with older
waves, more spray droplets would be produced.
Equation (6) is applicable to droplet radius between 0.8
to 20 μm (Andreas, 2002), since it is derived from
Monahan et al. (1986)’s SSGF.
Connecting the SSGF applicable to bubble-derived
droplets with Zhao et al. (2006)’s SSGF for spume
droplets by filling the droplet radius gap between 20 and
30 μm through interpolation, one can thus obtain a wave
state affected SSGF applicable to both bubble-derived
droplet and spume droplet.
Considering the sea spray droplet microphysics
(Andreas, 1989, 1990), Andreas (1992) estimated the
“nominal” sea spray sensible and latent heat fluxes as
r0,h

r0,l

Qs ( r0 )dr0 , QL = ∫

r0,h

r0,l

QL ( r0 )dr0 ,

(8)

where H S and H L are the direct air-sea sensible and

quantifies how many spray droplets of initial radius r0
are produced per square meter of the surface per
second per micrometer increment in droplet radius. The
SSGF is usually considered as a function of wind speed
and droplet radius (e.g. Monahan et al., 1986; Andreas,
1992; Wu, 1992; Smith et al., 1993; Fairall et al., 1994),
while some studies found that the SSGF also depends
on surface wave development (Chaen, 1973; Iida et al.,
1992; Piazzola et al., 2002; Zhao et al., 2006). As to the
SSGF for bubble-derived droplets, we introduce the
whitecap coverage function of Zhao and Toba (2001)
W = 3.88 × 10−5 RB1.09
(5)

Qs = ∫

,

(7)

where Qs ( r0 ) and QL ( r0 ) are sensible and latent heat
fluxes contributed by droplets with initial radius r0 .
Combining the feedback forms of Bao et al. (2002),
Edson and Andreas (1997) and Andreas and DeCosmo
(1999), we propose the following relation between the
total sensible and latent heat fluxes, H S ,T and H L ,T ,
and the nominal sea spray heat fluxes:
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for the CPLZ0 run is smaller than that for the control
run. As a result, the CPLZ0 simulated SWH is smaller
than CTRL, with the maximum SWH being reduced by
1.4 m.

(from 1200 UTC 30 August to 0000 UTC 31 August)
driven by the wind from the uncoupled WRF simulation.
Four experiments are designed to evaluate the
effects of wave state, sea spray and dissipative heating
on typhoon system. Table 1 gives the summary of the
experiments. CTRL is the control run with WRF and
WW3 being uncoupled. The classical Charnock relation
is used to parameterize the air-sea momentum flux, but
dissipative heating and sea spray heat flux are not
considered. Unlike the control run, CPLZ0 couples WRF
to WW3 through the proposed wave state and sea spray
affected surface roughness. CPLZ0DH considered both
wave state and sea spray affected surface roughness
and atmospheric surface layer dissipative heating.
CPLFULL takes into account the effects of the wave
state, sea spray and dissipative heating on air-sea
momentum and heat fluxes, thus is the fully coupled
experiment.
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Table 2. The simulated minimum SLP, maximum 10-m wind,
and maximum SWH of the idealized typhoon for each
experiment.
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Table 1. The summary of the experiments.
Aerodynamic
roughness
Equation (1)
Equation (2)
Equation (2)
Equation (2)

CTRL
CPLZ0
CPLZ0DH
CPLFULL

Max H s
(m)
21.9
20.5
23.8
22.7

CTRL
CPLZ0
CPLZ0DH
CPLFULL

50

45

40

35

30

25
0

6

12

18

26

4. EXPERIMENT RESULTS
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4.1 The influence of wave state and sea spray
affected roughness
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Figure 2a-c show the simulated time series of the
minimum sea level pressure (SLP), the maximum 10-m
wind speed, and the maximum significant wave height
(SWH) for each experiment. Table 2 lists the simulated
minimum SLP, maximum 10-m wind, and maximum
SWH of the idealized typhoon for each experiment.
Comparing the CPLZ0 simulated minimum SLP to that
of the control run, the typhoon intensity is weakened by
the wave state effects due to increasing the sea surface
roughness and surface friction. This is consistent with
previous coupled atmosphere-wave studies (Doyle,
1995; Lionello et al., 1998; Tenerelli et al., 2001). The
minimum central pressure (938.1 hPa) of CPLZ0 is 4
hPa higher than that of CTRL. However, the maximum
10-m wind speed is 45.6 m s-1, which is increased by
2% relative to the control run due to the sea spray effect
of reducing the drag coefficient and leveling off the wind
stress in high wind areas. Although the maximum 10-m
wind speed of CPLZ0 is a little larger than that of CTRL,
the area with high wind speed (e.g. larger than 20 m s-1)

18
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8
6
0
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Figure 2. Time series of the simulated minimum sea level
pressure (a), maximum 10-m wind speed (b) and maximum
significant wave height (c) for each experiment.

Figure 4 gives the CPLZ0 simulated 48-h friction
velocity (a), sea surface aerodynamic roughness (b),
10-m wind speed (c), wave age β * (d), relation between
the drag coefficient and 10-m wind speed (e), and
relationship between the Charnock parameter and wave
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age β * (f). Experiment CPLZ0 considers the wave state
and sea spray affected sea surface roughness, leading
to the increase of surface roughness due to wave age
effect under low to moderate winds but the decrease of
surface roughness due to sea spray effect under high
winds. The maximum sea surface roughness is located
at the south section of the typhoon where the wind
speed is not extremely high and the wave age is
relatively small. From the CPLZ0 simulated relation
between the drag coefficient and wind speed (Figure
4e), the drag coefficient is no longer linearly dependent
upon wind speed because of wave age effects. The
impact of sea spray reduces the drag coefficient under
high wind conditions. Figure 4f illustrates the CPLZ0
simulated relation between the Charnock parameter and
wave age, where the blue points correspond to wind
-1
speed less than 25 m s and red circles correspond to
wind speed larger than 25 m s-1. It is shown that sea
surface roughness decreases with wave age when
wave age β * is larger than about 6, and the existence
of sea spray under high winds significantly reduces the
sea surface roughness.
Table 3 lists the simulated 48-h total sensible heat
flux H S ,T , total latent heat flux H L ,T , direct sensible heat

than the CTRL run, and a 13% increase of the
maximum wind speed as well as a 9% increase of the
maximum SWH.

Figure 3. The simulated 48-h equivalent sensible heat flux to
dissipative heating H E for CPLZ0DH.

Figure 3 shows the CPLZ0DH simulated 48-h
equivalent sensible heat flux to dissipative heating H E .
Due to the cubic power dependence on wind speed, the
dissipative heating is significant in high wind areas, but
very small in low wind areas. From Table 3 which lists
the heat fluxes for the selected area, relative to the
control run CPLZ0DH simulated total sensible and latent
heat flux increased by 120% and 6%, respectively,
leading to a 16% increase in the total heat flux.

flux H S , direct latent heat flux H L , equivalent sensible
heat flux to dissipative heating H E , sea spray sensible
heat flux QS , sp , and sea spray latent heat flux QL , sp for
the 720×720 km2 area centered at the typhoon eye for
each experiment. There is no significant difference
between the CTRL and CPLZ0 simulated sensible and
latent heat fluxes, indicating that the impact of wave
state and sea spray affected sea surface roughness on
air-sea heat flux is negligible.

4.3 The influence of sea spray heat flux
In Figure 2 and Table 2, the fully coupled
experiment CPLFULL obtains the lowest minimum SLP
(923.4 hPa), which is 14.7 hPa deeper than CPLZ0 and
10.7 hPa deeper than the control run. The CPLFULL
simulated maximum 10-m wind speed is 52.5 m s-1,
18% and 14% stronger than those of CPLZ0 and CTRL,
respectively. The CPLFULL simulated maximum SWH
is also increased by 11% and 4% relative to CPLZ0 and
CTRL, respectively.
Figure 5 shows the CPLFULL simulated 48-h total
sensible heat flux H S ,T (a), total latent heat flux H L ,T

Table 3. Each experiment simulated 48-h H S ,T , H L ,T , H S ,

H L , H E , QS , sp , and QL , sp for the 720x720 km2 area centered
4

-2

at the typhoon eye. The unit is 10 W m .
Expt.

H S ,T

H L ,T

HS

HL

HE

QS , sp

QL , sp

CTRL

8.78

98.86

8.78

98.86

-

-

-
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8.45

99.48

8.45

99.48

-

-

-

-

-
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19.16 105.60

5.03 105.60 14.13

1.49 116.99 12.77

82.08 11.73 -23.00 34.92

(b), direct sensible heat flux H S (c), direct latent heat

4.2 The influence of dissipative heating

flux H L (d), sea spray sensible heat flux QS , sp (e), and

From Figure 2 and Table 2, one can see that,
comparing the results of CPLZ0DH to those of CPLZ0,
the CPLZ0DH simulated minimum central pressure is
7.9 hPa deeper than the CPLZ0 run, and the maximum
10-m wind speed and the maximum SWH are also
increased by 10% and 16%, respectively. These results
are in agreement with previous studies (Bister and
Emanuel, 1998; Zhang and Altshuler, 1999). While
comparing experiment CPLZ0DH to the control run,
taking into account both wave state and sea spray
effected sea surface roughness and dissipative heating
makes the minimum central pressure 3.1 hPa deeper

sea spray sensible and latent heat fluxes are significant
in areas with strong winds and waves. The sea spray
sensible heat flux is negative, thus makes a negative
contribution to the total upward sensible heat flux.
Whereas, the sea spray latent heat flux makes a
positive contribution to the total latent heat flux.
Comparing with experiment CTRL and CPLZ0, sea
spray heat flux increases the direct sensible heat flux
but decreases the direct latent heat flux. This is because
the evaporation of the spray droplets reduces low level
air temperature and increases low level moisture, thus

sea spray latent heat flux QL , sp (f). One can see that the
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increases air-sea temperature difference and reduces
the air-sea moisture difference. From Table 3 where the
2
heat fluxes for the 720×720 km area centered at the
typhoon center are listed, the fully coupled experiment
CPLFULL simulated total heat flux is increased by 10%
relative to the control run, with the latent heat flux
increased by 18%.
5. CONCLUSIONS
In this study, a coupled atmosphere-wave modeling
system, consists of the atmospheric WRF model and
the WW3 wave model, was established based on the
wave state and sea spray affected parameterization of
air-sea momentum and heat fluxes as well as
atmospheric dissipative heating. An idealized typhoon
was selected and several simulations were performed
by using the coupled modeling system to investigate the
impacts of wave state and sea spray affected
roughness, dissipative heating, and sea spray heat flux
on a typhoon system.
Using the wave state and sea spray affected sea
surface roughness instead of the classical Charnock
relation led to a weakening of the typhoon system due
to the increased surface roughness. The minimum
central pressure increased by about 4 hPa and the
maximum significant wave height is reduced by about
6%. While the maximum 10-m wind speed is increased
by about 2% due to a decrease of drag coefficient at
high wind speed caused by the sea spray effects. The
inclusion of dissipative heating increases the air-sea
heat flux and intensifies the typhoon system. Together
with the wave state and sea spray affected surface
roughness, atmospheric low level dissipative heating
leads to a 13% increase of surface wind speed
associated with 9% increase of the significant wave
height relative to the control run. The air-sea heat flux
was also increased by 16%. Taking into account the
wave state affected sea spray heat flux also strengthens
the typhoon system. It is noteworthy that the impacts of
wave state and sea spray affected surface roughness,
dissipative heating, and sea spray heat flux interact with
each other through marine boundary layer processes.
With all the three impacts included, the minimum central
pressure simulated by the fully coupled experiment is
10.7 hPa deeper than the uncoupled run, with the
maximum wind speed and significant wave height
increasing by 14% and 4%, respectively. The total airsea heat flux is also increased by 10%, with the latent
heat flux increasing a more significantly 18%.
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Figure 4. The simulated 48-h friction velocity (a), sea surface aerodynamic roughness (b), 10-m wind speed (c), wave age β * (d),
relation between the drag coefficient and 10-m wind speed (e), and relationship between the Charnock parameter and wave age β *
-1

for experiment CPLZ0. The blue points in (f) correspond to 10-m wind speed less than 25 m s , while the red circles correspond to
-1
10-m wind speed larger than 25 m s .
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Figure 5. The simulated 48-h total sensible heat flux H S ,T (a), total latent heat flux H L ,T (b), direct sensible heat flux H S (c), direct
latent heat flux H L (d), sea spray sensible heat flux QS , sp (e), and sea spray latent heat flux QL , sp (f), for experiment CPLFULL.
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